A complete and systematic effective field theory analysis of new physics effects inf f → ZZ andf f → γZ is performed. Results are presented for the different initial and final-state polarized differential cross sections in terms of oblique, gauge-fermion and neutral triple gauge corrections (nTGC). Phenomenological signatures for new physics detection at the LHC and at future linear colliders are discussed. In comparison to W W production, they follow a completely different pattern: nTGC only appear at NNLO in the effective field theory expansion and, accordingly, are extremely suppressed. However, in the high energy regime, v ≪ √ s ≪ 3 TeV, nTGC are shown to neatly dominate the longitudinal-transversal final-state polarizations over the standard model background. Their tiny effects get hugely amplified at energies √ s ∼ (0.6 − 1) TeV and can easily generate up to 20% deviations over the standard model predictions.
I. INTRODUCTION
Gauge boson pair production has become one of the main tools to test the standard model structure of the gauge boson self-couplings and place bounds on new physics corrections [1, 2] . Starting at LEP [3] , the scrutiny of triple gauge vertices has become a standard strategy to probe new physics in the pure gauge sector and holds a prominent position in the physics programs at the Tevatron, the LHC and future linear collider facilities. Such analyses rely on the following points: (i) the triple gauge vertex corrections are assumed to be the dominant sources of new physics inf f → W W, γZ, ZZ, for instance over gauge-fermion corrections, which are neglected; and (ii) the kinematic invariants that parametrize the triple gauge vertices are upgraded to form factors in order to preserve unitarity at high energies. (See [4] for a general review. For concrete studies at hadron colliders, the reader is referred to [5] [6] [7] [8] .)
There are some aspects of the standard analysis above that are not entirely satisfactory. First of all, gauge-fermion operators are parametrically on the same footing as the triple gauge operators for charged pair production and even dominant for neutral diboson production. Moreover, they can be related to triple gauge and oblique operators through field redefinitions, and neglecting them is in general inconsistent [9] . Gauge-fermion effects could still be numerically suppressed, but so far the LEP global electroweak fit gives no indications thereof: constraints on gauge-fermion and triple gauge operators are comparable [10] .
A form factor ansatz for the triple gauge vertex kinematical invariants is also objectable. Triple gauge parameters encode the underlying dynamical content of the electroweak theory. Regardless of the specific form of this UV-complete theory, at low energies it has to satisfy the SU (2) × U (1) standard model symmetry. The form factor ansatz is however blind to the standard model symmetry.
Both points can be improved if one adopts an effective field theory approach. To build an effective field theory one only needs to specify the field content of the theory and the symmetries to be obeyed at a given scale and endow the resulting set of operators with a power-counting, such that they are arranged as a series in inverse powers of a new physics scale Λ. Such an approach is by construction modelindependent, SU (2) × U (1) invariant, and systematically improvable. Moreover, since the theory is only valid up to the scale Λ, it is automatically protected against unitarity breaking. The power-counting provides an ordering criteria for the operators and thus selects the most relevant features at a given energy scale, filtering out the unnecessary details. As a result, triple gauge vertex corrections can be expressed in terms of a small set of coefficients while respecting the standard model gauge symmetry.
Effective field theory methods were applied in the past to the study of both charged and neutral gauge boson pair production. However, a complete and systematic analysis for W W production was only recently performed in [9] . There it was shown that, once a complete set of effective operators is included, the leading new physics corrections to W W production at LHC and linear colliders can be parametrized entirely in terms of gauge-fermion operators.
In this paper I will extend the previous analysis to neutral gauge boson ZZ and γZ production by working out the full set of new physics contributions affectingf f → ZZ andf f → γZ and studying their impact at energy scales s ≫ v 2 . Fast convergence of the EFT expansion additionally requires that s ≪ Λ 2 . Given that new physics effects (if present) are expected to appear at the TeV scale, in practice this entails a rather broad energy window, namely √ s ∼ (0.6 − 1) TeV, which nicely fits the operational energies of the LHC and future linear colliders.
Since the nature of the scalar sector of the standard model is still unclear, it is advisable to work both with a linear and a nonlinear realization of electroweak symmetry breaking. The linear realization assumes that the dynamics of electroweak symmetry breaking is weakly coupled, while the nonlinear realization is especially suited for strongly-coupled scenarios. In the former case, new physics is decoupled and Λ is a free parameter; in the latter instead one naturally expects Λ ∼ 4πv ≃ 3 TeV.
Detection of new physics effects in neutral diboson production is a rather challenging task. Unlike the charged case, neutral triple gauge vertex effects are extremely subtle: the standard model contribution cancels at tree level and only appears at one-loop as anomalous fermion triangles, which bring O(10 −4 ) contributions [11] [12] [13] to some of the triple gauge parameters. New physics effects only appear as NNLO effective operators and are likewise suppressed. As a result, the cross section for both γZ and ZZ production is overwhelmingly dominated by tree level contributions in the t and u channels.
In this work I will show that a final-state polarization analysis is the right tool to unveil new physics in ZZ and γZ production. This is in sharp contrast to the charged case. The main observation is that standard model physics predominantly affect the final-state transversal (TT) polarizations. Anomalous nTGV effects are instead dominant for LT polarizations, where the standard model is only present through one-loop effects, which quickly decouple as ln s/s 2 [13] to comply with anomaly consistency conditions. Therefore, even though LT polarizations are largely suppressed, they offer a remarkably clean test of anomalous nTGC: despite the smallness of the coefficients, at √ s = (0.6 − 1) TeV new physics corrections get extremely magnified, typically to O(20%) corrections. This paper will be organized as follows: in Section II I will discuss the most general form of new physics corrections in diboson production both at linear and hadron colliders. In Section III I will work out the relevant effective field theory operators both in the linear and nonlinear realizations and give expressions for the new physics corrections in terms of the EFT coefficients. Section IV collects the results for the (initial and final-state) polarized cross sections for both e + e − → ZZ and e + e − → γZ processes. In Section V, I compare the results obtained with those of W W production. Conclusions are given in Section VI.
II. NEW PHYSICS EFFECTS IN ZZ AND γZ PRODUCTION
In this Section I will discuss all the possible sources of new physics affectingf f → ZZ and f f → γZ. In Fig. 1 I have listed the different topologies that contribute to neutral gauge boson pair production. The leading contribution comes from the standard model t and u-channel exchanges (first two diagrams) while new physics effects generate also schannel and contact term interactions. I will first discuss the structure of the triple gauge boson vertices and later on devote some time to the remaining new physics-induced contributions.
For generic on-shell gauge bosons (or off-shell but coupled to a conserved current), one can show that the most general expression parametrizing the triple gauge vertex contains just 7 independent kinematical structures [2] :
where q = p 1 + p 2 and Q = p 1 − p 2 . The previous expression applies, for example, to W W pair production through Z-exchange. For W W production through photon exchange a further restriction applies: the structure (W
ν is fixed by the charge of the W and thus does not get renormalized. Moreover, gauge invariance implies that f 3,5 ∼ s [2] . This means that for an on-shell photon such terms are absent. In fact, as I will discuss in more detail in the next Section, such contributions can always be reshuffled through gauge field redefinitions. As a result, and without loss of generality, new physics effects in the γ * W W vertex can be reduced to 4 independent kinematical structures.
Further reductions occur for the neutral case. For both γ * ZZ and Z * ZZ, Bose symmetry dramatically simplifies the vertex to two structures, namely
It can be shown that all the coefficients above scale as µ
* ZZ this is a consequence of gauge invariance, while for Z * ZZ it can be eventually traced back to Bose symmetry.
For γ * γZ and Z * γZ, gauge invariance restricts the form factors to take the form
with β
. Terms proportional to the Levi-Cività tensor in Eqs. (2) and (3) are CP conserving (but P violating), while the remaining terms violate CP. Since I will be interested in the (leading) linear new physics corrections, which come from the interference of new physics and the standard model, only the CP conserving structures will contribute. Furthermore, it is clear from Eq. (3) that the last line is parametrically suppressed. In an EFT language, such terms are generated at NNNLO and can be safely neglected. Therefore, only the 4 parameters µ V 2 , β V 2 will be of relevance in the forecoming analysis.
I will now turn my attention to the remaining new physics contributions. As discussed in the Introduction, the only way of taking into account all possible corrections consistent with gauge symmetry is to work within an effective field theory. As a result of gauge symmetry, the form of the corrections induced by the effective operators will not only affect the vertices of Fig. 1 , but will also effect shifts both on the gauge boson kinetic terms and the fundamental standard model parameters.
Quite generically, gauge-fermion interactions will receive new physics contributions in the form
where ζ Gauge boson kinetic term corrections can be parametrized as
Finally, since gauge invariance forbids corrections to α em , shifts in the standard model fundamental parameters can only affect m Z and
The best strategy is to reabsorb the kinetic gauge mixing terms and the shifts in the parameters into vertex corrections [14] . Kinetic terms are canonically normalized with the redefinitions:
Accordingly, the standard model fundamental parameters have to be renormalized as
where δ j characterize the direct new physics contributions, while ∆ j are the shifts due to the gauge boson kinetic normalization. The previous equations imply that
where
The net effect is therefore a correction to the gaugefermion couplings as
Explicit expressions for the different new physics parameters, namely µ
and ∆ A,Z,AZ in terms of EFT coefficients will be given in the next Section.
III. EFFECTIVE FIELD THEORY ANALYSIS
As discussed in the Introduction, given the present status on the nature of the scalar sector of the standard model, it seems warranted to perform the analysis both in effective field theories with linearly and nonlinearly realized electroweak symmetry breaking. The differences between both realizations are of profound dynamical significance and affect the nature of the new physics scale: in the linear theory, the new physics scale Λ decouples and dimensional power-counting applies. In contrast, in the nonlinear theory the scale of new physics is dynamically generated and therefore bound to be Λ ∼ 4πv ∼ 3 TeV. This invalidates the naive dimensional powercounting, which has to be substituted by a more elaborate one [15] . Despite the differences, for processes like gauge boson pair production, in which the scalar sector is not directly involved, both effective field theories should differ only slightly. In W W production, for instance, the number of operators on both theories is roughly the same, but in the linear case some of them are further suppressed (i.e., they are shifted from NLO to NNLO) [9] .
In the following I will be working with the general nonlinearly-realized effective field theory developed in Ref. [15] and only later I will compare with the linear realization. In the (minimal) nonlinear framework, electroweak symmetry breaking is realized by spontaneously breaking a global SU (2) L × SU (2) R down to SU (2) V . The resulting Goldstone modes are then collected into a matrix U transforming as g L U g † R under the global group. One also defines
such that the standard model subgroup SU (2) L × U (1) Y is gauged. Henceforth I will use the shorthand notation
for the Goldstone covariant derivative and the custodial symmetry breaking spurion T 3 . With these definitions, at leading order one gets
In this work I will be only concerned with first-family leptons, such that the Yukawa terms will be negligible.
NLO operators can be generically defined as
where d j is the spacetime dimension of O j . From the previous equation it is clear that due to the nondecoupling nature of the interactions, naive dimensional power-counting is not at work. NLO operators were fully classified and worked out in [15] .
With U, ψ, X as shorthand notations for Goldstone, fermion and gauge fields, the classes were denoted as
are oblique corrections,
are gauge-fermion new physics contributions (τ 12 = T 1 + iT 2 ; τ 21 = T 1 − iT 2 ), and 
which are generic to both pp and e + e − collisions. The previous set of equations, once plugged into Eqs. (10), lead to:
where we have definedβ = −(δ M + δ G ) ≃ β − η 9 and the parametrically-suppressed η 4f contribution has been neglected. {η L = η 7 − η 8 /2; η R = η 10 } for e + e − collisions and ,d are a reminder that the coefficients have to be dressed with the appropriate parton distribution functions.
It is interesting to point out that in the case of e + e − collisions the gauge-boson corrections in Eqs. (21) can be cast entirely in terms of the oblique S and T parameters. In general, the relevant 3 gauge-fermion operators can be eliminated in favor of 3 charged triple gauge coefficients and the oblique parameters [9, 15] . However, since charged triple gauge operators do not contribute to the neutral processes, in practice this means that one can eliminate the gauge-fermion operators and express the gaugefermion corrections of Eqs. (21) entirely in terms of (redefined) λ 1 and β coefficients, which can be related to the oblique parameters as S = −16πλ 1 and αT = 2β. Thus one finds
I want to emphasize that the manipulations leading to Eqs. (22) are only valid for e + e − collisions (and in the nonlinear basis). In pp collisions, the increased number of gauge-fermion operators does not allow to remove them altogether.
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The most relevant difference between charged and neutral gauge boson pair production is that in the former the contribution to the triple gauge vertex arises at NLO with direct contributions from the O X1−6 operators. In the neutral case, there are no direct contributions at NLO. This can be seen from the fact that µ
In Ref. [15] the NNLO classes were identified to be
2 U X and ψ 2 U XD but the corresponding operators were not classified. If one works in the unitary gauge, contributions tof f → ZZ, γZ can potentially come only from X 3 U , ψ 2 U X and ψ 2 U XD, all the other classes having far too many gauge bosons. X 3 U and ψ 2 U X produce corrections to charged triple gauge vertices, thus leaving ψ 2 U XD as the only potential class for neutral triple gauge vertices. Without much effort, one can show that the relevant operators inside this class are
Notice that the previous operators correspond to the contact term diagram in Fig. 1 , while there is no contribution to the s-channel. This might sound surprising, since after all we are after the effects of triple gauge vertices. However, this is perfectly consistent: since neutral triple gauge vertices are proportional to (s − m 2 V ), their effects can always be reabsorbed in the form of contact terms. In other words, the effective operators that can be constructed to affect nTGC can always be reduced using the equations of motion to operators with fermion fields [7] . Thus, the s-channel and contact configurations in Fig. 1 are not independent but complementary, depending on the choice of effective operator basis.
In order to see explicitly this equivalence and make contact with the triple gauge vertex coefficients, use has to be made of the equations of motion for the gauge fields:
At linear colliders, one can restrict the fermion bilinears above to e + e − . In the unitary gauge one then finds that
and, using that (also in the unitary gauge)
Eq. (24) can be rewritten as
which is in agreement with Ref. [16, 17] . Both basis of operators can be related by
with analogous expressions holding for the dual operators. Using this basis, nTGC for ZZ and γZ production can be expressed as
and
which indeed have the correct µ
Intuitively, the third and fourth diagrams in Fig. 1 are equivalent because the structure of the triple gauge coefficients cancels the γ and Z propagators, effectively shrinking the contributions to a contact term.
However, it is worth emphasizing that trading the contact terms for the s-channel contributions is exclusive from e + e − collisions. Eqs. (26) only hold for this particular process. In general, for instance for pp collisions, where 4 gauge-fermion currents are needed, one can only eliminate the contact terms partially. As a result, in a full-fledged EFT analysis of new physics in neutral gauge boson pair production at hadron colliders one cannot eliminate the contact term in Fig. 1 but instead can eliminate the s-channel contribution. This is so because there are more operators involving fermion bilinears than gauge boson self-interactions.
So far my discussion has concentrated on the nonlinearly-realized effective field theory of the electroweak interactions. Since no scalar particles are involved in the analysis, one expects very little deviations in the linear basis, except for occasional shiftings of the operators to higher dimensionality, as happens in W W production (see the discussion in Ref. [9] ). In the neutral case, it so turns out that every NLO operator discussed above is in a one-toone correspondence with a corresponding operator in the linearly-realized EFT without any dimensionality shifts whatsoever: notice that the only potential exception, namely O X2 (NNLO in the linear basis) is eventually irrelevant in the analysis.
Regarding the NNLO contact term operators in Eq. (24), the linear ones can be straightforwardly constructed by the following replacements:
Therefore, in the linear basis there are also 8 independent NNLO operators contributing to the triple gauge vertex. This agrees with the conclusions of Ref. [16] and contrasts with the results obtained in [18] and the statement made in [17] that there are just 2 independent operators. This latter statement, which is still used in some experimental analyses to constraint the new physics coefficients, is incorrect.
IV. POLARIZED CROSS SECTIONS AT HIGH ENERGIES
In this Section I will present the results for e + e − → γZ and e + e − → ZZ for different initial and final-state polarizations. I will show that gaugefermion and triple gauge corrections leave rather distinct signatures. While the former appear as tiny corrections to the dominant standard model background in purely transversal (TT) production, the latter are parametrically dominant in LT-polarized final states.
To fix my conventions, Z (1) µ will be chosen to point in the positive z direction, and θ will be the angle between the incoming e − and Z
µ . With these conventions,
For ZZ production one has
In the following I will discuss each process separately.
A.
The interference of standard model and new physics effects results in:
where j = L(R) denotes the contributions from purely left-handed (right-handed) polarized electrons.
R = −t W and δζ j are given in Eqs. (21) . The nTGV parameters β 2A,2Z can be expressed in terms ofλ Zγ ,λ γγ . However, it is more instructive to express them in terms ofc jW ,c jB :
from which it is clear that initial-state polarizations match. At a linear collider, the hierarchy v ≪ √ s ≪ Λ holds, and one can expand the results in powers of v 2 /s. The tree level standard model result is then
while new physics corrections take the form:
As mentioned at the beginning of this Section, the two contributions above have very distinct kinematical behavior. This motivates to split the previous result into the different final-state polarizations. The itemized contributions for generic energies are
In the high energy limit they reduce to
which are valid up to O(v 2 /s 2 ) corrections.
One can repeat the steps of the previous subsection for ZZ production. The interference of the standard model and new physics gives
Triple gauge parameters can be likewise expressed in terms ofc jW andc jB coefficients. The result
shows again that the initial polarizations match. However, since the specific combination ofc jW and c jB differs in ZZ and γZ (compare Eq. (37) and (43)), in a combined fit one can separately extract c jW andc jB for each initial-state polarization. At high energies the standard model result becomes
and the new physics corrections are
Again, different final-state polarizations can be used to disentangle both contributions above. The results for generic energies for the different channels read
whose high energy behavior is
The results above are valid up to O(v 2 /s 2 ) corrections. The LL channel only scales as O(v 4 /s 3 ) and can be safely neglected.
C. Numerical analysis
The results for the different initial and final-state polarizations are shown in Fig. 2 as a function of energy for cos θ = 0. For simplicity, the analysis has been restricted to ZZ and γZ production in e 
For the NNLO corrections, bounds are much weaker. At present, CDF [20] , CMS [21] and D0 [22] have reached the 10 −2 precision on the nTGC, while ATLAS [23, 24] provides the most precise determination to date, with bounds on all the parameters hovering around the lower 10 −2 level. This is still far from the naive dimensional analysis estimate, which predicts effects at the 10 −4 level. Translated into the EFT coefficients, naively one expects c jW ,c jB ∼ v 2 /Λ 2 ∼ 7 · 10 −3 . Here I will usẽ
which are on the conservative side. New physics scenarios with heavy fermions [13, 25] are typical mechanisms to generate anomalous nTGV. Such contributions have to vanish at asymptotically large energies to comply with the triangle anomaly. However, if the heavy fermion thresholds sit not much above 3 TeV, they can lead to sizeable enhancements on the NNLO coefficients. The plots of Fig. 2 therefore show only a modest amount of new physics. If new physics appears at the TeV scale in the form of new fermion families, depending on their interfamily mass splittings, larger deviations can be easily generated. The upper line in each panel of Fig. 2 corresponds to the TT channel, which overwhelmingly dominates the cross section for both γZ and ZZ production. The main source of new physics in the TT channel comes from oblique corrections, which correct the standard model vertices at the permille level. In contrast, new physics effects in the subdominant LT channel are parametrically enhanced, and even the very small corrections of Eq. (51) become detectable at √ s ∼ (0.6 − 1) TeV.
V. COMPARISON WITH W W PRODUCTION
It is instructive at this point to highlight the main differences between the EFT analysis presented here for neutral gauge boson pair production and that of Ref. [9] for the charged diboson production.
• In the charged case, the standard model contributions to triple gauge vertices appear first at tree level. In the neutral case, contributions arise at one-loop through (anomalous) fermionic triangles.
• The number of independent triple gauge structures is substantially reduced in the neutral case and only comprises operators that either violate CP or P. Only the latter can interfere with the standard model contribution. This singles out 2 coefficients for ZZ production and 4 for γZ.
• In terms of effective operators, both processes are affected by the same set of NLO gaugefermion and oblique corrections. However, triple gauge operators for the neutral case only appear at NNLO.
• Initial-state polarizations can be used in both cases to isolate different sets of EFT coefficients. However, in the charged case the tchannel is purely left-handed, while in the neutral case left and right-handed polarizations are diagrammatically equivalent.
• In the charged case, s-enhanced new physics contributions were generated by longitudinal (LL) final states. In the neutral case, LL final states are extremely suppressed and LT and TT final states are instead the dominant ones.
• Redundancies among operators can be used to relate NLO gauge-fermion, oblique and triple gauge operators. In e + e − → W + W − , the senhanced triple gauge operators can be eliminated in favor of gauge-fermion ones. In the neutral case, the same relations can be used to eliminate the gauge-fermion operators in favor of the oblique S and T parameters.
• For charged diboson production, gaugefermion operators parametrically decouple in s from oblique and triple gauge operators. In the neutral case, this decoupling does not take place. Instead, oblique, gauge-fermion and triple gauge operators can be disentangled with final-state polarizations.
VI. CONCLUSIONS
Given that so far there is no evidence of new physics below the TeV scale, adopting an effective field theory is the most general and efficient way to parametrize new physics effects at present-day hadron colliders and future linear colliders. In this paper I have presented a full-fledged EFT analysis of ZZ and γZ production both for the linear and nonlinear realizations of electroweak symmetry breaking. The analysis includes all possible sources of new physics up to NNLO, which turn out to be parametrizable in terms of 6 parameters for e + e − collisions and 8 for pp collisions. For e + e − collisions, all 6 parameters can be separately determined by exploiting the initial and final-state polarization structure of ZZ and γZ production at typical projected linear collider energies, i.e., v 2 ≪ s ≪ Λ 2 . A polarization analysis actually turns out to be extremely rewarding. While the TT channel is dominated by the standard model and almost saturates the cross section, the subdominant LT channel offers a clean window for new physics detection, where nTGV effects are dominant. In contrast, the LL channel turns out to be irrelevant. Notice that this phenomenological pattern is in sharp contrast with the one that emerges from the corresponding EFT analysis of W W production [9] .
The previous pattern shows that linear colliders are excellent laboratories to constrain nTGC. Using the magnifying power of linear collider energies in the LT channel, effects of NNLO coefficients can easily amount to 20% corrections. Conversely, in the absence thereof, one can place very stringent bounds on the corresponding new physics operators.
